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Abstract We study the properties of neutron star using the chiral quark-meson cou- 
pling model, in which the quark-quark hyperfine interaction due to the exchanges of 
gluon and pion based on chiral symmetry is considered. We also examine the effects of 
hyperons and Z\-isobars in a neutron star. Extending the SU(6) spin- flavor symmetry 
to more general SU(3) flavor symmetry in the vector-meson couplings to baryons, the 
maximum mass of neutron star can reach the recently observed, massive pulsar mass, 
1.97 ± 0.04Mq. In this calculation, A and S are generated in a neutron star, while E 
and Zi-isobars do not appear. 

Keywords equation of state for neutron star ■ chiral quark-meson coupling model • 
flavor SU(3) symmetry 

1 Introduction 

Neutron stars are laboratories for dense matter physics, because they are composed 
of the densest form of hadrons and leptons. However, the detail of neutron star prop- 
erties, for example, the mass, radius and the particle fractions in the core of neutron 
star, is not yet theoretically understood. Thus, the observation of the mass and/or 
radius can provide strong constraints on the equation of state (EOS) of highly dense 
matter. The typical mass of a neutron star is known to be around 1.4Mq (solar mass). 
However, a few massive neutron stars have recently been observed precisely. Shapiro 
delay measurements from radio timing observations of the binary millisecond pulsar 
(PSR J1614-2230) have indicated the mass of 1.97 ± O.O4M Q]. 

However, it is difficult to explain the mass of PSR J1614-2230 by the EOS which 
has been calculated so far, because the inclusion of hyperons makes the EOS very soft 
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and the maximum mass of a neutron star is thus reduced. Therefore, it is very urgent 
to reconcile this discrepancy. 



2 Chiral Quark-Meson Coupling Model 



In Ref. [2], we have extended the quark- meson coupling (QMC) model [3] to include 
the quark-quark hyperfine interaction due to the exchanges of gluon and pion based 
on chiral symmetry. We call this improved version the chiral QMC (CQMC) model. 
Then, we have applied it to a neutron star within relativistic Hartree-Fock (RHF) 
approximation, and shown that the mass of PSR J1614-2230 can be explained [4][5]. 

In the present calculation, instead of RHF, we study the neutron-star properties in 
relativistic Hartree approximation. The Lagrangian density is chosen to be 
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where 



W^v = d^uv — dvujfj,, Pp, v = d^v — dv(pp,, ~R-p,v = d^pv — d v pp„ (2) 

with ^B(e) the baryon (lepton) field, Mg{m^) the free baryon (lepton) mass and Ig 
the isospin matrix for baryon B. The sum B runs over the octet baryons and Z\-isobars, 
while the sum I is for the leptons, e~ and pT . The baryon-baryon interaction is given 
through the exchanges of not only the isoscalar (a and ui) and isovector (p) mesons 
but also the isoscalar, strange (a* and (j>) mesons. The effective baryon mass, M B , is 
calculated by using the simple QMC or CQMC model, and it can be parameterized as 
a function of a and a*: 



M B {a,a*) = M B - g aB (a)a - 9<j*b(.°*)°* 
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where g a i\[ and g a *A are respectively the a-N and a* -A coupling constants at zero 
density. Here, we introduce four parameters, ag, bg, a' B and b' B , to describe the mass, 
and these values are listed in Table [1] If we set ag = and bg = 1, g a g{(j) is identical 
to the a-B coupling constant in Quantum Hadrodynamics. This is also true of the 
coupling of g^g{a*). 
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Table 1 Values of a B , b B , a,' g and b' B for various baryons in the QMC or CQMC model. In 
this study, we assume that the strange mesons do not couple to the nucleon and Zi-isobars. 



QMC CQMC 



B 


a B (fm) 


b B 


a' B (fm) 




a B (fm) 


b B 


a' B (fm) 




N 


0.179 


1.00 






0.118 


1.04 






A 


0.172 


1.00 


0.220 


1.00 


0.122 


1.09 


0.290 


1.00 


E 


0.177 


1.00 


0.223 


1.00 


0.184 


1.02 


0.277 


1.15 




0.166 


1.00 


0.215 


1.00 


0.181 


1.15 


0.292 


1.04 


A 


0.200 


1.00 






0.197 


0.89 







3 SU(3) Symmetry and Neutron Stars 

To study the role of hyperons (Y) on the properties of neutron star, it is very important 
to extend SU(6) symmetry based on the quark model to the more general SU(3) flavor 
symmetry. In general, the interaction Lagrangian density in SU(3) is given by [B] 

Ant = ~9sV2 [aTr([B,M s ]B) + (1 - a)Tr({B,M s }B)] - g^TriBB^M^, (5) 

where g\ and g% are respectively the coupling constants for the meson singlet and octet 
states, and a (0 < a < 1) denotes the F/(F + D) ratio. For details, see the reference [6]. 

The latest extended soft-core (ESC) model by the Nijmegen group suggests that 
the ratio z(= gs/gi) is 0.1949 for vector mesons, while z — l/\/6 = 0.4082 in SU(6) 
symmetry. In the ESC model, the mixing angle is chosen to be 37.50°, which is close 
to the ideal mixing (35.26°). Therefore, in the present study, we use the z value in 
the ESC model and assume the ideal mixing to determine the vector-meson couplings 
to hyperons. For the a-Y coupling constants, as in 4,5 , we fix them so as to fit the 
hyperon potential suggested by the experiments. 

In Fig.[T] we present the mass-radius relation for a neutron star, which is calculated 
using the Tolman-Oppenheimer-VolkofT (TOV) equation with the EOS in the QMC or 
CQMC model. The inclusion of the strange mesons (a* and <j>) makes the EOS stiff, 
and the maximum mass of neutron star is thus pushed upwards in both models. In 
fact, this enhancement is mainly caused by (f> meson, and the effect of a* meson is not 
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Fig. 1 Mass-radius relation in the QMC or CQMC model. The dot-dashed curves are for the 
SU(6) case without the strange mesons. The shaded area shows the mass of PSR J1614-2230, 
1.97±O.O4M [1]. 
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Fig. 2 Particle fractions in a neutron star as functions of the total baryon density, ng. The 
left (right) panel is for the case of SU(6) (beyond SU(6)) in the CQMC model. 

large. Furthermore, extending SU(6) to SU(3) symmetry in the vector-meson couplings 
(this case is denoted by "beyond SU(6)" in the figure), the maximum mass can reach 
the massive pulsar mass, 1.97 ± O.O4M0 [T]. 

The particle fractions in a neutron star are shown in Fig. [2] In the case of "beyond 
SU(6)", the creation densities of A and S become higher than in the case of SU(6). 
In contrast, E and Zi-isobars do not appear in a neutron star. In the CQMC model, 
due to the effects of the in-medium baryon structure variation and the quark-quark 
hyperfine interaction, the potential Zi-isobars feel in matter is shallower than in the 
case of Quantum Hadrodynamics. These effects suppress the appearance of Zi-isobars. 

4 Summary 

We have applied the chiral quark-meson coupling model to the EOS for a neutron star. 
Using the vector-meson couplings based on flavor SU(3) symmetry, we have found that 
the maximum mass of a neutron star can reach the recently observed mass, 1.97 ± 
O.O4M0, even in relativistic Hartree approximation. Furthermore, we have examined 
how Zi-isobars contribute to the EOS, and shown that, because of the baryon structure 
variation in matter and the quark-quark hyperfine interaction, they do not appear in 
a neutron star. We finally note that the Fock term considerably contributes to the 
nuclear symmetry energy (04) [5]. 
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